Sandia National Laboratories' program in high-power fiber lasers has emphasized development of enabling technologies for power scaling and gaining a quantitative understanding of fundamental limits, particularly for high-peak-power, pulsed fiber sources. This paper provides an overview of the program, which includes: (1) power scaling of diffractionlimited fiber amplifiers by bend-loss-induced mode filtering to produce >1 MW peak power and >1 mJ pulse energy with a practical system architecture; (2) demonstration of a widely tunable repetition rate (7.1−27 kHz) while maintaining constant pulse duration and pulse energy, linear output polarization, diffraction-limited beam quality, and <1% pulse-energy fluctuations; (3) development of microlaser seed sources optimized for efficient energy extraction; (4) high-fidelity, three-dimensional, time-dependent modeling of fiber amplifiers, including nonlinear processes; (5) quantitative assessment of the limiting effects of four-wave mixing and self-focusing on fiber-amplifier performance; (6) nonlinear frequency conversion to efficiently generate mid-infrared through deep-ultraviolet radiation; (7) direct diodebar pumping of a fiber laser using embedded-mirror side pumping, which provides 2.0x higher efficiency and much more compact packaging than traditional approaches employing formatted, fiber-coupled diode bars; and (8) fundamental studies of materials properties, including optical damage, photodarkening, and gamma-radiation-induced darkening.
INTRODUCTION
The last several years have seen significant advances in power scaling of diffraction-limited fiber sources to kW average powers and MW peak powers [1] [2] [3] . Additional effort has been directed toward development of practical system architectures, for instance, by incorporation of additional functionality into the fiber (e.g., polarization control) and by development of components for monolithic, alignment-free, all-fiber systems. Sandia National Laboratories has undertaken a broad-based research program in high-power fiber lasers that has emphasized development of enabling technologies for power scaling and gaining a quantitative understanding of fundamental limits. Much of this work is applicable to both pulsed and cw fiber sources, but we have emphasized high-peak-power, pulsed fiber sources, which are required for numerous applications, including remote physical and chemical sensing, high-sensitivity in situ detection of chemical and biological species, nonlinear frequency conversion, and materials processing. The program involves Sandia researchers at both the Livermore, CA and Albuquerque, NM sites, as well as external collaborators at universities and companies.
This paper provides an overview of Sandia's fiber-laser program, including recent results. The primary technical areas are:
• power scaling of diffraction-limited fiber amplifiers by bend-loss-induced mode filtering;
• development of microlaser seed sources optimized for efficient energy extraction;
• waveguide and amplifier modeling, including high-fidelity, three-dimensional, time-dependent modeling of fiber amplifiers with arbitrary refractive-index and rare-earth-dopant distributions and varying bend radii; • quantitative assessment of the limiting effects of nonlinear processes on amplifier performance;
• nonlinear frequency conversion to efficiently generate wavelengths from the mid-infrared through the deepultraviolet;
• direct and efficient diode-bar side pumping of a fiber laser using the raw output of an unformatted diode bar; and • fundamental studies of materials properties of silica and doped silica, including optical damage, radiationinduced damage, and photodarkening.
POWER SCALING OF DIFFRACTION-LIMITED FIBER AMPLIFIERS
Power scaling of fiber sources beyond the single-mode limit requires increasing the core area to increase the energy storage (for pulsed sources) and the threshold for nonlinear processes (for both cw and pulsed sources). Several methods have been developed for maintaining diffraction-limited beam quality with large-core fibers. A widely used method is bend-loss-induced mode filtering [4, 5] , in which bend loss in a coiled fiber provides distributed spatial filtering to suppress all but the fundamental mode (LP 01 ) of a highly multimode fiber. This method offers numerous advantages [6] : it is easy and inexpensive to implement, does not increase system complexity or parts count, is compatible with compact amplifier packaging, is applicable to a variety of fiber designs (e.g., polarization-maintaining fiber, various cladding structures), does not involve obstructing the fiber ends or the use of complex fiber designs, and can be used to construct diffraction-limited lasers, amplifiers, and amplified spontaneous emission (ASE) sources (a seed beam is not required). Commercial Yb-doped and Er/Yb-doped fibers suitable for mode filtering with core diameters (d core ) up to 30 µm (mode-field area ≈ 500 µm 2 ) are available from several vendors, and laboratory demonstrations of diffraction-limited beam quality with d core values up to 80 µm have been reported [7] .
Results with d core = 30 µm Yb-doped fibers
We have investigated the performance attainable with commercially available, d core = 30 µm, Yb-doped fiber amplifiers seeded by passively Q-switched microlasers (Section 6) with pulse durations of 0.38−2.3 ns operating at wavelengths of ~1030 nm and ~1060 nm. Key results are:
• demonstration of 1.3 MW peak power (~0.4 ns pulse duration) and 1.1 mJ pulse energy (4.0 ns pulse duration) with diffraction-limited beam quality [8] ; • achieving the highest reported peak irradiance in the fiber core of 440 GW/cm 2 [8] , a surprisingly high value prior to our optical damage studies (Section 8.1);
• development of a system with a widely tunable repetition rate (7.1−27 kHz) while maintaining constant pulse duration (1.0 ns), pulse energy up to 0.41 mJ, linear output polarization, diffraction-limited beam quality, and <1% pulse-energy fluctuations [9, 10] ;
• demonstration that seeding at ~1030 nm rather than the more conventional wavelength of ~1060 nm can increase the pulse energy (and thus efficiency) by up to 40% because 1030 nm is close to the gain peak of Ybdoped fibers [11] ; and • elucidation of the role of four-wave mixing (FWM) and stimulated Raman scattering (SRS) in distorting the temporal and spectral profiles of ns-duration pulses and in clamping the attainable in-band pulse energy [10] [11] [12] [13] [14] (Section 4.2).
The above experiments employed a simple system architecture: passive Q-switching (no high-voltage or high-speed electronics), single-stage, single-pass amplification, and cw pumping of the oscillator and amplifier. These laser systems are thus highly suitable for practical applications.
The experiments in Refs. [10, 14] demonstrated the value of a high Yb-doping level in mitigating the effects of FWM and SRS by allowing use of a shorter fiber. In particular, the maximum attainable in-band pulse energy in nanosecond fiber amplifiers depends strongly on the fiber length. We recently tested a new d core = 30 µm, PM, Yb-doped fiber (Nufern). Figure 1a shows the total and in-band pulse energy (and corresponding average power) as a function of pump power when the fiber was pumped at 976 nm and seeded with a microlaser (Standa) operating at a wavelength of 1063 nm, pulse duration of 1.0 ns, and repetition rate of 10 kHz. The in-band pulse energy plateaued at ~350 µJ, although the total pulse energy reached 540 µJ. The insets in Fig. 1a show temporal traces of the pulses just at the onset of FWM and SRS and at the maximum pulse energy. Prior to the onset of FWM/SRS, the pulse shape is similar to that of the seed pulse. In the presence of significant FWM/SRS, the pulse is broadened and somewhat distorted; the in-band pulse (not shown) is even more strongly distorted (Section 4.2) [12] [13] [14] . Figure 1b shows the in-band peak power of the pulses as a function of pump power. Figure 1c shows the amplifier output spectrum at a pump power of 13.6 W, just at the onset of FWM and SRS; the FWM/SRS peak at ~1120 nm is ~30 dB below the signal peak. ASE centered at ~1035 nm is also evident in the spectrum; at this pump power, ASE contributed <5% of the total output power. The inset in Fig. 1c shows a 1.0 nm region centered on the signal peak; the effect of self-phase modulation [15] is evident, but the spectrum is still relatively narrow (0.16 nm FWHM), e.g., sufficiently narrow for nonlinear frequency conversion (Section 4). Figure 1d shows an M 2 measurement and near-field spatial profile at an in-band pulse energy of 330 µJ, showing the effectiveness of mode filtering with this fiber in achieving diffraction-limited beam quality. Finally, at all pulse energies, the fiber provided a highly linearly polarized output, with a polarization extinction ratio of >14 dB for the total power and >20 dB for the in-band power.
Results with d core = 50 µm Yb-doped fiber
We have explored the performance of fibers with larger core diameters. Such fibers allow higher pulse energies and peak powers, but they challenge the capabilities of current fiber-fabrication methods and are thus not yet routinely available. Using a d core = 50 µm fiber and 1030.6 nm seed microlaser, we obtained output pulses with 0.76 mJ energy, 1.1 MW peak power, a smooth temporal profile (0.55 ns FWHM), no out-of-band power or ASE, modest spectral broadening (0.17 nm FWHM), and a polarization extinction ratio of 9 dB (and >18 dB at lower pulse energies) [11] . This performance is significantly better than that obtained with the d core = 30 µm fibers, particularly for the spectral and temporal profiles (i.e., there was much less distortion and broadening with the 50 µm fiber because of the larger modefield area). The output beam quality from the 50 µm fiber amplifier was variable and sensitive to handling of the fiber, indicating that coupling of the fundamental mode to high-order modes limited the performance of this fiber. Under some conditions, we achieved nearly diffraction-limited beam quality (M 2 = 1.25 and 1.29 in the two axes), but this performance could not be achieved routinely. Although generally more significant for larger core diameters, mode scrambling also depends strongly on properties of the fiber (e.g., refractive-index homogeneity) that are determined by the fiber fabrication and subsequent handling. The practical limit on core size will continue to increase as fiber manufacturing techniques advance. Our present results with the 50 µm fiber and previous experiments with larger-core fibers [7] suggest that the ultimate performance limit has not yet been reached with commercially available, large-modearea fibers.
WAVEGUIDE AND AMPLIFIER MODELING
Even a "simple" fiber laser involves many interacting variables (fiber length, refractive-index and rare-earth-dopant distributions, seed and pump properties, bend radius), and complex phenomena determine system performance (gain dynamics, nonlinear processes, distributed and time-dependent processes, wavelength-dependent effects). Empirical optimization is undesirable and often impossible. We have developed a family of models of varying complexity to analyze both waveguides and fiber amplifiers, allowing us to design and optimize fibers and seeded amplifiers. The fiber was end-pumped using the setup described in Ref. [8] . The pump laser was a wavelength-stabilized, fiber-coupled diode bar (AlfaLight, Apollo) operated at 976 nm. The seed pulse energy was 1.9 µJ, and the pump and seed lasers were counter-propagating. (a) The total (red) and in-band (blue) pulse energy (and corresponding average power on the right axis) as a function of output power of the pump source. The pump launching efficiency was ~85%. The in-band pulse energy was measured by passing the output beam through a bandpass filter (Semrock) with a 4 nm FWHM transmission spectrum. The insets show the temporal pulse shapes of the total pulse (no bandpass filter) at the indicated output energies. 
Waveguide modeling
Waveguide-analysis tools include mode solvers based on semi-analytical methods, semi-and full-vectorial triangularmesh finite difference (TMFD) codes, and finite-element analysis, as well as TMFD beam-propagation codes. Key results from the waveguide analyses are:
• Bending (for packaging or mode filtering) significantly distorts the mode profiles in large-mode-area, stepindex fibers, and the effect becomes more significant as d core is increased [16] [17] [18] [19] . This mode distortion strongly influences gain extraction, amplifier efficiency, bend-loss coefficients, and the threshold for nonlinear processes and optical damage. These effects must be included for accurate amplifier modeling (see below). Coupled pump power / W
• Transitions between bent and straight regions of the fiber can allow LP 01 to adiabatically evolve from the bent to the straight mode profile if the transition is sufficiently gradual [16] .
• The TMFD codes [16, 20] allow accurate calculation of bend-loss coefficients, including those for modes with even symmetry with respect to the bend plane (many semi-analytical methods do not treat one set of helical polarities) [19] .
• We have analyzed bending effects for various non-step-index profiles, with emphasis on important performance parameters, including LP 01 mode-field area, bend sensitivity (for handling and packaging), high-order mode discrimination, mode displacement upon coiling (which influences efficiency), and index contrast (manufacturability). We have designed an optimized "hybrid-index" (combined power-law) fiber to minimize the required tradeoffs among these parameters [19] .
Fiber-amplifier modeling
We have developed a family of fiber-amplifier models of increasing complexity and fidelity to design optimized fiber amplifiers and to analyze their performance. The most sophisticated models are three dimensional (i.e., they resolve the transverse coordinates of the fiber) and time dependent; can treat arbitrary refractive-index and rare-earth-dopant distributions; include propagation of multiple pulses and temperature-dependent effects; spectrally resolve the pump source and ASE; include group velocity dispersion, self-phase modulation, saturable gain, and stimulated Raman scattering (SRS); and treat bending effects, including measured or calculated bend loss [8, 20] . We have measured some of the important inputs to the models (e.g., the Yb 3+ excited-state lifetime in the fiber, temperature-dependent absorption coefficients). The models have been benchmarked against each other, commercial codes where applicable, and a variety of experimental measurements (including measurements of the inversion profile along the fiber). Figure 2 shows a comparison of a three-dimensional, time-dependent model with the results of experimental measurements of a Yb-doped fiber amplifier seeded by a 1064 nm microlaser. There is excellent agreement over more than two orders of magnitude in pulse energy. The 15−20% discrepancy at the highest pulse energies is within the uncertainty of the fiber parameters employed in the model. Note that this model employs no adjustable parameters, giving confidence in its ability to predict fiber-amplifier performance under other experimental conditions. The figure shows the significant influence of bending on the predicted mode profile and resultant output pulse energy: neglecting bending effects would lead to a 75% over-prediction of the maximum pulse energy. 
LIMITING EFFECTS OF NONLINEAR PROCESSES ON THE PERFORMANCE OF PULSED FIBER AMPLIFIERS
The attainable peak power in pulsed fiber amplifiers is limited by nonlinear processes. The relative importance of the various nonlinear processes depends on the pulse duration, linewidth, mode-field area, fiber design (length, optical and acoustic index profiles, etc.), and glass quality (in the case of optical damage; Section 8.1) [11, 15] . Self-focusing (SF), FWM, and SRS are particularly important for ns-duration fiber amplifiers, and we have quantitatively analyzed the influence of these nonlinear processes on amplifier performance.
Self-focusing
The ultimate upper limit to the peak power is imposed by SF in the fiber. Until recently, analyses of SF in fibers were performed for fibers without gain (i.e., not for fiber amplifiers) and for straight fibers (rather than the coiled fibers employed in mode-filtered amplifiers and in packaged laser systems). Furthermore, the literature contained contradictory predictions for the behavior of the LP 01 mode in a fiber amplifier as the power approached the critical value for SF (P crit ). We performed a detailed analysis of SF in step-index fiber amplifiers, including coiled amplifiers, using the three-dimensional code described in Section 3.2 and found that [21, 22] :
• At optical powers below P crit , power-dependent stationary solutions exist that propagate without change. Light injected with other spatial profiles or powers will exhibit oscillatory behavior.
• In a multimode fiber amplifier seeded with the low-power LP 01 mode, the transverse spatial profile will adiabatically evolve into that of the fundamental stationary mode as the power is amplified toward P crit for realistic values of the optical gain.
• Similar adiabatic evolution through stationary solutions is observed when amplifying the higher-order modes LP 11 and LP 21 . For a given power, however, differences between the stationary solutions and the low-power eigenmode profiles were less pronounced than for LP 01 .
• The multi-lobed LP 11 and LP 21 modes behaved substantially differently above P crit compared to LP 01 . The former underwent catastrophic SF only after the onset of instabilities involving the distribution of power among the lobes; the latter did not exhibit instabilities leading up to SF.
• The above conclusions hold whether the fiber is straight or coiled, although the quantitative details are somewhat different.
• For a given value of the nonlinear index (n 2 ), P crit is nearly the same in the bulk material and in a step-index fiber. For bulk fused silica and for a straight fiber, we obtained P crit = 4.3 MW; for a bent fiber, we obtained P crit = 4.2 MW (the same within our estimated relative uncertainty of 0.2 MW). These values are expected to depend approximately inversely on the value of n 2 .
Four-wave mixing
In single-mode, isotropic fibers with normal dispersion, which pertains to most fiber amplifiers, phase matching of FWM cannot be achieved [15] . Strong FWM is observed, however, in Yb-doped fiber amplifiers seeded with ns-duration pulses, causing emission over a broad wavelength region. We were able to explain this surprising observation by an analysis showing that the presence of gain allows efficient interaction even for highly phase-mismatched FWM [10] [11] [12] [13] [14] . This previously unrecognized phenomenon of "gain-induced phase matching" can be the limiting nonlinear process in ns-duration pulsed fiber amplifiers, leading to significant spectral and temporal distortion of the amplified pulse and placing an upper limit on the attainable in-band pulse energy (above which all photons are converted to out-of-band wavelengths); see Fig. 1a . A theoretical model including FWM and SRS was able to qualitatively and semiquantitatively account for experimental measurements of the spectral and temporal profiles, as well as the observed clamping of the in-band pulse energy; we also examined the role of seed polarization in birefringent fibers [13, 14] . Based on this analysis, we investigated fiber-amplifier design tradeoffs and proposed approaches to mitigate FWM by the fiber design, by applying a controlled variation of the phase mismatch along the fiber, or through the polarization of the seed source [12] [13] [14] . For operation at ~1060 nm, a seed pulse duration of ~1 ns is optimum for maximizing the pulse energy with minimum spectral and temporal distortion [11] .
NONLINEAR FREQUENCY CONVERSION
The high peak power, diffraction-limited beam quality, and stable linear output polarization of pulsed, mode-filtered, PM fiber amplifiers are ideally suited for efficient nonlinear frequency conversion to generate wavelengths not directly accessible with fiber lasers. Using a microlaser-seeded fiber amplifier, we generated wavelengths from the mid-infrared (4400 nm) to the deep-ultraviolet (213 nm) [9, 10] . Visible and ultraviolet radiation was obtained by harmonic generation (second, third, fourth, and fifth) using LBO and BBO crystals. Near-and mid-infrared radiation was obtained by optical parametric generation (OPG) using periodically poled lithium niobate. For simplicity, these systems employed a single pass through the nonlinear crystals (no resonant cavities) and a single lens to form a beam waist within the crystal or train of crystals. Conversion efficiencies were very high (e.g., 74% conversion from 1064 nm to 532 nm, 55% OPG efficiency), and we generated 4.6 W average power at 532 nm, >1 W at 355 nm and 266 nm, 0.14 W at 213 nm, 1.5−1.8 W at 1400−1700 nm, and 0.2−0.8 W at 2900−4400 nm.
MICROLASER SEED SOURCES
Microlasers (also called "microchip lasers" when fabricated as a monolithic cavity) typically employ a rare-earth-doped crystalline gain medium and a saturable absorber as the Q-switch; Nd 3+ :YAG and Cr 4+ :YAG are the most common gain and saturable-absorber media, respectively. Active research efforts are investigating other media to provide different wavelengths, repetition rates, pulse energies, and pulse durations. Microlasers offer numerous advantages as seed sources for high-power, pulsed fiber amplifiers, namely [11] : (1) they are passively Q-switched and thus do not require high-voltage or high-speed driving electronics; (2) the pulse duration typically falls in the optimum ~1 ns range (Section 4.2); (3) they allow robust and compact packaging; (4) their diffraction-limited beam quality is ideal for efficiently seeding mode-filtered and other large-mode-area amplifiers; (5) because of their high peak power, no pre-amplification stages and their associated isolation optics are required; and (6) because they do not generate significant cw background (ASE) or out-of-band wavelengths, no spectral filtering or time-gating is required for seeding the fiber amplifier.
Commercial microlasers are available from several vendors. Sandia's microlaser effort has targeted development of devices with wavelengths, pulse energies, and pulse durations that are not available commercially and that are optimized for efficient gain extraction from Yb-doped fiber amplifiers [11] . Specifically, we have developed a family of Yb 3+ :YAG/Cr 4+ :YAG microlasers whose output wavelength of 1030.6 nm is well matched to the peak gain of Yb-doped fiber amplifiers [23] . These lasers provide pulse durations of 0.5−1.0 ns at repetition rates of up to 19 kHz and operate on a single longitudinal mode [11] . Significantly, our Yb:YAG microlasers do not exhibit the after-pulse characteristic of many other microlasers; an after-pulse has several undesirable consequences, including increased timing jitter, reduction of the available gain when used to seed high-repetition-rate fiber amplifiers, generation of stimulated Brillouin scattering (SBS) in fiber amplifiers [11] , and spurious return signals in optical ranging measurements. As discussed in Section 2.1, we demonstrated a 40% increase in pulse energy compared with 1062.4 nm seeding using the 1030.6 nm microlaser. The Yb 3+ :YAG microlaser was also used to seed the d core = 50 µm fiber discussed in Section 2.2.
EMBEDDED-MIRROR SIDE PUMPING
Development of efficient, practical, and scalable methods for pumping of double-clad fiber (DCF) sources is an active area of research. A common approach is to employ single diode emitters and fused-fiber bundles. This method has the advantage that highly reliable, telecommunications-grade pump diodes can be used, and the resultant structure is rugged and hermetically sealed. Disadvantages are that single emitters are limited to modest output powers (currently ~10 W from a 100 µm stripe) and are relatively expensive. Furthermore, the fiber bundle must be customized to the chosen DCF core and cladding designs; currently, fused-fiber bundles are not available for the range of commercially available, large-mode-area DCFs and PM DCFs. For the counter-propagating geometry preferred for high-peak-power amplifiers, the fused-fiber bundle introduces extra fiber length for the signal beam, which can exacerbate undesirable nonlinear processes. Finally, most existing fused-fiber bundles require the high inner-cladding NA provided by a fluoroacrylate outer cladding (~0.45), whereas a glass cladding (typically NA ≈ 0.22 for a fluorosilicate outer cladding) is preferred for reliable and high-power systems.
Diode bars are an attractive alternative for high-power pumping. Diode bars are the least expensive source of high pump power and are available at power levels of ~100 W per bar, but the diode-bar output is poorly formatted for coupling into DCF. In the conventional approach, the diode-bar output is optically reformatted into a beam with a size, divergence, aspect ratio, and fill factor suitable for coupling into a passive multimode fiber pigtail, and the output of this fiber is launched into the DCF. Many high-power fiber-laser demonstrations to date have employed end pumping, in which the output of the passive fiber pigtail is imaged onto one or both input faces of the DCF. The net coupling efficiency from the diode bar into the DCF is typically 50-70%. The main drawbacks of formatted, fiber-coupled diode bars are high cost, significant complexity, relatively low coupling efficiency (compared to single emitters), and an inevitable tradeoff between coupling efficiency and pump brightness.
Embedded-mirror side pumping (EMSP) is a method that allows direct pumping of DCF sources using the unformatted output of a single-emitter diode [24] or diode bar [25] . In the case of a single emitter, a micro-mirror (~50−80 µm in diameter) is embedded in a channel polished into the inner cladding, the pump diode is positioned in close proximity to the mirror (typically 10-20 µm separation), and the pump beam is launched by reflection from the mirror. The mirror is usually shaped to reduce the divergence of the pump beam in one axis, thereby allowing use of glass-clad fibers and highly divergent and astigmatic diode pump sources; the ability to use glass-clad rather than fluoroacrylate-clad DCF is a key advantage for constructing reliable, high-power fiber amplifiers. Additional EMSP advantages include high coupling efficiency (typically 80-90%), large alignment tolerances, no obstruction of the fiber ends, no loss for light propagating in the core, simplicity (low parts count), compact and rugged packaging, and low cost.
We first fabricated Yb-doped and Er/Yb-doped EMSP-based amplifiers using single-stripe pump diodes [24] . A key motivation for developing EMSP, however, was the possibility of directly coupling the output from a diode bar into a DCF or DCF array without intervening optics or other hardware. As an initial proof of concept, we demonstrated the ability to launch the raw output of an unformatted, ten-emitter diode bar with high efficiency (84%) into an array of passive, glass-clad fibers spaced with the same pitch as the diode-bar emitters [25] . In addition to demonstrating ~40% higher coupling efficiency than the conventional approach using a formatted diode bar, this work showed that the translational alignment sensitivity is nearly identical for coupling the output of the ten diode-bar emitters into the ten DCF launch sites as for coupling a single emitter into a single fiber. Finally, we fabricated an EMSP-based, diode-barpumped, Yb-doped fiber laser [25] . We used a ten-emitter, 20 W diode bar and a PM DCF with a large-mode-area core (30 µm diameter) and a 300 µm diameter, glass-clad (0.22 NA) inner cladding. The EMSP-based laser had a slope efficiency of 67% with respect to diode-bar output; when the same DCF was end pumped using the output of a formatted, fiber-coupled diode bar, the slope efficiency was 29%. At the maximum output power of 7.5 W, the EMSPbased laser required 17 W of diode-bar power (44% optical-to-optical efficiency), whereas the end-pumped laser required 35 W of diode-bar power (22% optical-to-optical efficiency). The 2.3x increase in slope efficiency and 2.0x increase in optical-to-optical efficiency reflect the inherent losses in conventionally formatted diode bars and the intrinsically high efficiency of EMSP. In addition, the EMSP-based laser is much more compact the end-pumped laser using the conventional, fiber-coupled diode bar.
EMSP is the only method capable of directly launching the output of an unformatted diode bar directly into DCF. This approach eliminates the substantial increase in size, cost, and complexity and the substantial decrease in efficiency and brightness associated with formatted, fiber-coupled diode bars. Furthermore, diode-bar EMSP entails no increase in complexity, parts count, number of fabrication steps, or alignment sensitivity compared with pumping a single fiber with a single emitter. These uniquely graceful and practical scaling properties will enable fabrication of low-cost, simple, compact, diode-bar-pumped fiber modules. EMSP does not require a large inner-cladding diameter, e.g., it is compatible with d clad = 125 µm for a typical 100 µm emitter width. Finally, diode-bar EMSP is suitable for pumping a single fiber amplifier at multiple sites or an array of parallel amplifier.
STUDIES OF FUNDAMENTAL MATERIALS PROPERTIES

Optical damage
Bulk optical damage sets an upper limit on the attainable power from a fiber amplifier. Surface damage at the fiber end face is also a concern, although end caps are typically used to reduce the irradiance at the air/glass interface. Using a well characterized, Nd:YAG (1064 nm) laser system with smooth temporal and spatial profiles, we performed highly precise and accurate optical damage measurements using samples of high-purity fused silica and preforms for Yb-doped fibers [26] [27] [28] . We addressed a number of important questions and optical damage measurement issues:
• What is the bulk optical breakdown threshold, and is it deterministic or statistical?
• What is the surface optical breakdown threshold, and how is affected by the polishing process?
• How does the breakdown threshold depend on spot size and pulse duration?
• What are the roles of SBS and SF?
• What is the effect of mechanical stress on the bulk breakdown threshold?
Our main findings are [28] :
• The bulk damage threshold for fused silica in the ns regime is 480 ± 30 GW/cm 2 for linearly or circularly polarized light. This value is exceptionally high. It explains our observation of 440 GW/cm 2 in a fiber amplifier (Section 2), which shows that the fiber-fabrication process is capable of producing very high-quality silica and that the presence of Yb and the other dopants does not significantly decrease the damage threshold.
• The damage threshold is deterministic, not statistical, in marked contrast to literature reports. The measured standard deviation in the damage threshold is ±1%.
• The damage threshold of stressed fused silica is the same as unstressed silica, which is relevant for PM fibers.
• The damage threshold does not follow a √t dependence (where t is the pulse duration), in contradiction with literature reports. The measured breakdown thresholds between the ns and ps regime can be explained by a simple rate-equation model based on an electron-avalanche mechanism.
• Below the SBS threshold, the damage threshold irradiance is independent of spot size, again in contrast to literature reports.
• The surface damage threshold can equal that of the bulk for a properly prepared surface.
As noted, the above measurements indicate that many literature reports and scaling laws for optical damage need to be reconsidered. These results provide quantitative insight into fundamental power-scaling limits for fiber amplifiers, and they have significant implications for high-power laser optics in general.
Gamma radiation testing
Interest in fiber lasers for space-based applications is motivated by their high efficiency, diffraction-limited beam quality, compact and rugged packaging, and potential for an alignment-free, all-fiber design [29] . Determination of the response of rare-earth-doped fibers to relevant ionizing-radiation fluxes is central to the prediction of long-term performance and survivability in space and other radiation environments [30] . Gamma radiation (including secondary gamma radiation from proton exposure of shielding and other spacecraft components) is of particular concern for optical materials. An analysis of measurements from the Space Shuttle, the Russian MIR space station, and other vehicles in low-earth orbit (LEO) indicates that the expected gamma exposure is 2−5 krad for a representative deployment of 5 years; because the dose rate is not constant, the effect of dose rate also must be considered.
We performed gamma-radiation experiments with a set of 14 composition-characterized fibers doped with Yb, Er, and Er/Yb (as well as other passive dopants) from multiple manufacturers [31, 32] . The fibers had a variety of core diameters and doping levels, which allowed us to design a comprehensive series of experiments. For example, we had a set of samples in which only the concentration of Er varied (by a factor of >5) while the concentrations of the other dopants were constant to within ±4%. We had multiple samples of all fibers, which allowed us to study the effect of dose rate. We measured the transmission spectrum of each fiber sample in the 1.0−1.7 µm wavelength region during exposure to gamma radiation from a Co 60 source. Spectra were recorded approximately once per minute for dose rates of 14−120 rad/s up to total accumulated dosages of >100 krad. Our main findings are [31, 32] :
• All of the fibers exhibit gamma-radiation-induced absorption.
• The induced absorption has a power-law dependence on dose, with no indication of saturation.
• The Er-doped fibers have a lower radiation tolerance than either the Yb-doped or the Er/Yb-doped fibers.
• The radiation sensitivity of Er-doped fibers increases with increasing Er concentration, whereas the Yb-doped fibers have no observable concentration dependence. This observation is likely explained by the presence of a valence-state (Yb 2+ /Yb 3+ ) conversion processes.
• The induced absorption exhibits a small dependence on dose rate, with higher dose rates leading to more darkening at a given accumulated dose.
• The Yb-doped and Er/Yb-doped fibers are likely sufficiently radiation resistant for 5-year LEO deployments (<0.4 dB/m loss at the signal wavelength).
Future experiments should investigate the mechanism(s) of radiation-induced loss, radiation exposure of active (optically pumped) fiber sources [30] , and thermal annealing.
Photodarkening
An important issue that has emerged in high-power fiber lasers is photodarkening (PD), in which in the transmittance of some rare-earth-doped fibers decreases upon exposure to high optical powers, potentially limiting the efficiency or lifetime of fiber sources. A photodarkened fiber typically exhibits a broadband absorption in the visible and nearinfrared region, including the pump and signal wavelengths. A number of recent studies have investigated PD mechanism(s), the influence of fiber composition and population inversion on the PD rate, and approaches to minimize, mitigate, or reverse PD. We have performed PD experiments on Yb-doped fibers [33, 34] ; the primary results are:
• We introduced a simple and reproducible method to generate a spatially uniform and tunable inversion level in DCFs, including large-mode-area fibers. As the inversion is varied over a wide dynamic range, other parameters that could potentially affect the PD rate are kept constant. This approach provides quantitative and meaningful comparisons among the PD properties of various fibers, and it allows extrapolation beyond the specific conditions of the PD measurement.
• Formation of absorbers ("color centers") follows a bi-exponential time dependence. The resultant PD rate constants can be parameterized in terms of single variable, the excited-state Yb concentration ([Yb*]). In addition to identifying the key controlling variable in PD, this result implies that a given glass composition can be characterized by a unique "PD propensity." This propensity can be used to quantitatively compare different fibers, guide development of new fibers, and identify critical aspects of fiber fabrication process control.
• The PD time constants follow a simple power law and are proportional to [Yb*]
7±1
. This result suggests that ~7 Yb* ions in close proximity may be involved in the PD process.
• The high-order dependence of the PD rate on inversion has significant implications for fiber devices and for analysis of PD measurements: (1) A given fiber operating in a pulsed amplifier will photodarken 10 5 −10 7 times faster than when it is operated in a cw laser (even a cw laser operating at very high output power), assuming average inversions of 30−50% and 5%, respectively. (2) Pulsed lasers or amplifiers have a time-dependent inversion profile that is a function of pulse energy, wavelength, pulse duration, and repetition rate, making it challenging to correlate benchmarking results to performance degradation of an operational system. (3) PD measurements should be performed under uniform population inversion. Quantitative analysis of PD in a fiber with a non-uniform or time-varying inversion is very difficult, and such measurements will not provide a reliable indication of performance in an operational system. (4) The time required to record the PD decay curve can be inconveniently long or impractical if insufficient pump power is available to achieve a high inversion level.
Future studies should explore a wider range of fiber compositions, the temperature dependence of the PD process, and the underlying photochemical mechanism(s) of PD.
CONCLUSIONS
Sandia's fiber-laser program is a broad-based effort to understand and extend the capabilities of high-power fiber lasers, including both experimental and theoretical studies. Along with additional power scaling, future activities will entail further incorporation of optical functionality into fibers, development of a more complete experimental and theoretical understanding of attainable fiber-laser performance, and development of related technologies (both fiber and non-fiber) to extend the wavelength coverage and output properties, enabling a wide variety of laser applications.
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